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Abstract: Climate change is a natural phenomenon which accelerates due to human activities. This 
would result in altering the natural processes on the Earth. The climate change impacts on the sea 
environment have adverse effects on the coastal infrastructures. There will be large variation in 
temperature, humidity, water density, wave and current parameters due to sea level rise and, which all 
together affect the structures. It accelerates the rate of deterioration of the structure in the form of 
corrosion, sulphate attack, erosion and scouring at the foundation due to waves, current, etc. In this 
paper, a berthing structure in a port located along the west coast of India is considered for the study. 
The berthing structure was severely damaged due to the exposure to the aggressive sea environment. 
Visual inspection and non-destructive tests like UPV, Half-cell potential, powder sampling, core 
sampling were conducted to assess the damage occurred to the structure and retrofitting methodology 
is proposed in order to prolong the life of the structure. 
Keywords: Climate change, coastal infrastructure, Nondestructive test, Berthing structure, Damage 
assessment, retrofitting methodology. 
1 Introduction 
Deterioration of a structure is progressive due to ageing. It will get accelerated due to the effect of 
aggressive sea environment. Climate change will add on to it by altering the sea environment. 
Although the coastal structures are designed considering the harsh sea environment, the climate 
change that is happening rapidly may make the sea environment more aggressive which in turn affects 
the life of any coastal structure. The change in climate also affects the sea water as the seas absorb 
30% of carbon dioxide in the atmosphere which makes the seawater acidic according to Earth 
observatory NASA. The acidic nature of water affects the chemical composition of concrete in the 
structure, which reduces the alkalinity of the existing concrete and results in corrosion of embedded 
rebars. The corrosion of the reinforcement is progressive once initiated. Reinforcement is meant to 
expand due to corrosion and that leads to the formation of cracks and spalling of the concrete cover. 
The atmosphere in the sea environment contains high concentration of salinity, chlorides and sulphate 
and also the variation of temperature is high. All these parameters collectively active at the distress 
parts of the structure and make the deterioration rapid. 
Reduction in structural strength or deterioration of structure is a natural process due to ageing. The 
deterioration mechanisms and the effects on structural concrete are explained by Bhaskar (2015). Due 
to the harsh sea environment and ageing, the damage shows the severe effect on structural integrity if 
voids are present and also leads to the corrosion attack. It reduces the strength and life of the structure 
(Shaw, 1998). The progress of corrosion and strength loss depend on the cracks that form in the 
concrete cover and significant reduction in strength from the time of corrosion initiation will be 
observed due to the spalling of the concrete cover. It will be even more severe in the splash zone and 
tidal zone compared to atmospheric zone according to Anxin et al. (2018). The embedded 
reinforcement tends to increase in the volume when it is subjected to corrosion, which in turn causes 
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the cracking and spalling of concrete cover, reduction in the bond strength and loss of structural 
integrity and serviceability. Thus, the accelerated corrosion of reinforcement due to the formation of 
cracks on the concrete cover and subsequent, spalling down of the cover due to reinforcement bulging 
act together to weaken the structural strength. The corrosion also has its effect on mid-span deflection 
of a beam. When the corrosion reaches to 9%, the mid-span deflection may increase by 50% of the 
deflection of the non-corroded one (Cabrera, 1996). Chloride ingress is one of the major causes of 
reinforced steel corrosion. While moisture and oxygen in concrete are also responsible factors for the 
corrosion of rebars, chloride ions can be removed by using suitable chloride scavengers. An attempt 
has been made to find a universal threshold limit of chloride for the corrosion initiation even though it 
also depends on the environment (Thangavel, 2004). 
The detailed assessment of a structure is very important in order to understand the various 
parameters like mode of damage, the extent of damage, structural behaviour, deterioration mechanics 
(Robert, 2001). It is also necessary to have sound knowledge of the surrounding environment of the 
structure for an accurate assessment of the damage mechanism (Breysse, 2010). The Non Destructive 
Tests (NDT) are very useful in the assessment of a damaged structure. These tests include several 
methods like Ultrasonic Pulse Velocity, Half-cell potential, core & powder sampling, depending on 
the parameter that is desired to find out. The challenges also exist with the NDTs as these tests are 
sensitive to the moisture content and temperature as well. However, it is necessary to monitor the 
structure continuously which helps in understanding the future performance of the structure and also 
the rehabilitation or retrofitting systems can be assessed to strengthen the structure (Song, 
Saraswathy 2007). 
This paper deals with the effect of sea environment associated with climate change on a berthing 
structure that was already subjected to deterioration due to ageing. The methodology of the tests and 
description of structure and sea environment condition are given in the following sections. 
2 Description of the structure and surrounding environment 
The structure considered for the study is a berthing structure of length of 106.94m and width of 12.2m 
with a deck level at +3.66m from MSL. It is located on the banks of backwaters associated with the 
Arabian Sea in Kochi, India. The expansion joints are at every 15m distance approximately making 
the whole structure into four different portions like edge platform, fender dolphin portion, between 
fender dolphin portion and centre platform structure. All four portions have different cross-section and 
are symmetry over the central platform. Due to the expansion joints, each portion behaves like an 
individual platform at the time of berthing vessels. The whole structure is supported by vertical 




Fig. 1. Berthing Structure 
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In the location of the structure, annual temperature ranges between 23°C (73°F) and 31°C (88°F) with 
the record high being 36.5°C (97.7°F), and record low of 16.3°C (61.3°F). The currents along the 
coast of Kochi are due to the tide, wave and wind-induced components. As per observations, the 
maximum current velocities in the location are of the order of 3 knots during non-monsoon period and 
could increase to as high as 5.5 knots during the monsoon period, whereas the current velocities inside 
the harbour are as low as 0.5 knots. The wave climate is governed by the South West monsoon with 
prevailing wave directions along the west coast of India. Offshore wave observations in the past 
indicate the significant wave heights of 4m, 2m and 1m at the water depths of 10m, 5m and 2m 
respectively, the predominant wave direction is west and south-west. Wave action inside the harbour 
is insignificant because of the narrow entrance for sea and backwaters and the configuration of the 
land. This also helped the structure to survive the effect of the Indian Ocean Tsunami occurred in 
December 2004. Generally, calm conditions prevail throughout the year except during the times of 
extreme wind action. The salinity of the harbour waters varies with the season due to the influx of 
fresh water from the rivers during monsoon. At this time, the salinity can reach negligible levels, 
whereas during the dry season the water can become as saline as the outer sea. From the sea-water 
analysis, it is found that the pH of water is 6.7; Chloride concentration is 14350ppm and sulphate 
concentration is 1974ppm on an average over the depth. 
3 Methodology 
The damage assessment of the structure is carried out using Non-Destructive Test methods like 
Ultrasonic Pulse Velocity (UPV), Half-cell potential, Powder sampling and Core sampling. These 
methods are useful to understand the parameters like integrity and homogeneity of the concrete, 
corrosion resistance, chloride content, pH and compressive strength of the concrete. The UPV test is 
used to study the homogeneity of concrete, presence of cracks and voids, any changes in the structure 
that may occur with ageing, quality of the in-situ concrete, etc. UPV tests including direct, semi-direct 
and indirect methods are conducted at 220 points covering the whole structure depending on the 
accessibility. Half-cell potential test is used to find the absolute potential of reinforced concrete in 
order to study the progression of corrosion of embedded reinforcement. This test is conducted at 9 
locations where reinforcement is exposed to the sea atmosphere. Core samples are used to find the 
characteristic strength of in-situ concrete whereas powder samples are used to study the chemical 
composition like chloride concentration, pH, etc. 6 core samples are collected from the upper beam, 
lower beam and column (2 from each element). Powder samples are collected from 12 locations 
including column, upper beam, lower beam and deck slab. These four tests have been carried out on 
different elements of the structure like columns, upper beam, lower beam and deck slab depending on 
the accessibility. Fig. 2 shows the photographs during the measurements. UPV test values are 
analyzed based on IS: 13311 (part 1)-1992, corrosion potential from half-cell potential at different 
points is analyzed based on ASTM C-876 whereas characteristic strength of concrete core samples, 
chemical composition and pH of concrete powder samples are analyzed based on IS: 456-2000. 
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(a)                                                                                     (b) 
   
(c)                                                                                       (d) 
Fig. 2. (a) to (d) shows the NDT methods UPV, Core sampling, half-cell potential and powder sampling respectively 
4 Results and discussions 
Damage assessment of the structure is carried out using Non-Destructive Testing methods in order to 
understand the extent and cause of the damage. Based on the visual inspection and tests conducted, it 
is observed that some parts of the structure are so sensitive to the sea environment like those that are 
facing/exposed to the sea, gunited portion (lower beam) and elements that are not having sufficient 
cover (parts of deck slab and columns), intersection where pile and lower beam meets (see Fig. 5), and 
bottom surface of the deck slab (Fig. 3). 
 
   
Fig. 3. Exposed rebars in slab, column and RC fender (left to right) 
In general deterioration of the structure was due to ageing and further accelerated due to the 
aggressive sea environment. It is observed that the life of this structure is reduced by a considerable 
amount. This may be due to the change in climate that caused the rapid changes in the sea 
environment which made it more aggressive towards the structure and leading to its decommissioning. 
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The results of the UPV test (Table 1) showed that the quality of in-situ concrete is doubtful in 32%, 
medium in 24% and good in 44% of the tested locations. The reduction in the quality of the concrete 
is probably due to the formation of cracks and voids. Along with this, poor workmanship during the 
construction also may be a reason. 
It is observed from Table 2 that the half-cell potentials in all the tested RC structural elements are 
more negative than -350mV indicating that the corrosion in the reinforcement steel elements has 
occurred. This observation is good with a confidence level of greater than 90% probability as per the 
reference guidelines of ASTM C-876. The corrosion activity is normally flourished in the case of the 
metallic members (Fig. 4) due to exposure to the sea environment and, thus highly prone to corrosion 
(Poteras et al., 2014). 
 
Tab. 1. UPV test results 
RC element No. of Points ‘Doubtful’ ‘Medium’ ‘Good’ 
RC stub columns 63 26 (41%) 22 (35%) 15 (24%) 
RC deck beams 78 13 (17%) 8 (10%) 57 (73%) 
RC deck slab 79 31 (39%) 23 (29%) 25 (32%) 
Total 220 70 (32%) 53 (24%) 97 (44%) 
 
Tab. 2. Half-cell potential test results 
S. 
No. 
Element of the structure 
Average half-cell 
Potential Readings in mV 
1 RC column -452 
2 
An RC column of the 
southern edge portion 
-305 
3 RC deck beam -447 
4 RC lower beam -393 





Fig. 4. Corrosion activity in the metallic connections of RC fender 
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From Table 3, it is clear that the chloride content exceeded the threshold limit of 0.6kg/m
3
. From the 
UPV results and the visual observations, it is evident that the concrete have cracks and also voids 
which paved the way for chlorides. The ingress of chloride beyond the threshold limit caused the 
reduction in the alkalinity of the cover concrete. But this may not be a reason for the premature 
corrosion of rebars as the corrosion process initiates when the pH falls to 9 or below. Average 
compressive strength of concrete core samples of the column, upper beam/deck beam and the lower 
beam is 13.1MPa, 24MPa and 28.55MPa, respectively. According to the design documents, the 
concrete mix used in the construction was M20 and M15 whereas the IS 456 code suggests not less 
than M30 for a coastal structure. Thus the less strength concrete becomes one of the reasons for the 
premature corrosion of reinforcement bars. 
From the observations, damage of the structure is due to the formation of cracks and spalling of the 
concrete cover, progressive nature of corrosion through cracks and due to ingress of chlorides, acidic 
nature of sea environment reducing pH of concrete in the structure, high chloride and sulphate 
concentrations (Fig. 5), repetitive impacts on RC fenders by vessels and also the progress of corrosion 
from metal chains that are holding the RC fender, and excessive growth of the vegetation which 
weakens the structure. Gunited portion on the lower beam was chipped off in most of the locations of 
the structure. This might be due to the poor workmanship (Fig. 6). However, this also caused the 
corrosion in the reinforcement of the lower beam by allowing the harmful agents to penetrate. 
 
Tab. 3. Chemical test results of powder samples 
S. No. Element of the structure 
Average Chloride 
Content in (kg/m3) 
Average 
pH 
1 RC column 0.5 11.51 
2 RC walkway column 2.12 11.24 
3 RC deck beam 1.19 11.66 
4 RC lower beam 1.99 11.55 
5 RC deck slab 0.71 11.73 
 
 
             
Fig. 5. Sulphate attack                                                        Fig. 6.      Chipped off Gunited cover of the lower beam 
Lack of proper maintenance of the structure is another aspect due to which the growth of vegetation is 
to a large extent (Fig. 7). The growth would strengthen the roots and due to the penetration of roots, 
crack width tends to increase making the way to the severity of all other parameters that cause damage 




Fig. 7. Growth of vegetation on the structure 
5 Conclusions 
The design life of structures associated with coastal infrastructure is nearly 50 years or more, whereas 
the present structure is 43 years old at the time of inspection. From the observations and analysis of 
the quantitative NDT tests, the structure is found to be severely damaged and may not be able to take 
the design loads since the characteristic strength of supporting columns is reduced. Although the 
berthing structure is designed considering the sea environment, the present observed conditions 
indicate that the life of the structure has fallen below the designed life. The corrosion is one of the 
major causes which weaken the structure due to cracks and spalling of concrete cover and, thus 
exposure of rebars to the severe sea environment. The chloride concentration is found to be higher 
than the threshold limit which acts as a major factor in accelerating the corrosion of rebars. Other 
externalities like the effects of climate change make the sea environment more aggressive which 
accelerates the deterioration process of structural elements. In order to strengthen the structure and 
increase the life, standard rehabilitation methods like micro-concreting using polymer modified 
mortar, applying anticorrosive coating to the exposed rebars, anchoring shear connectors into the 
existing concrete in order to harden core concrete of the existing RC elements can be carried out. 
However, the aggressive nature of the sea environment cannot be reduced due to the continuous 
change in climate. Hence, it is a pre-requisite that protective measures should be taken for coastal 
infrastructures. Also considering the effects of climate change and projecting the future harsher 
conditions of the sea environment, the design codes need to be revised accordingly. 
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